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The quantum level interplay between geometry, topology, and correlation is at the forefront of 
fundamental physics1-15. Owing to the unusual lattice geometry and breaking of time-reversal 
symmetry, kagome magnets are predicted to support intrinsic Chern quantum phases14,15. However, 
quantum materials hosting ideal spin-orbit coupled kagome lattices with strong out-of-plane 
magnetization have been lacking16-21. Here we use scanning tunneling microscopy to discover a new 
topological kagome magnet TbMn6Sn6, which is close to satisfying the above criteria. We visualize 
its effectively defect-free purely Mn-based ferromagnetic kagome lattice with atomic resolution. 
Remarkably, its electronic state exhibits distinct Landau quantization upon the application of a 
magnetic field, and the quantized Landau fan structure features spin-polarized Dirac dispersion 
with a large Chern gap. We further demonstrate the bulk-boundary correspondence between the 
Chern gap and topological edge state, as well as the Berry curvature field correspondence of Chern 
gapped Dirac fermions. Our results point to the realization of a quantum-limit Chern phase in 
TbMn6Sn6, opening up an avenue for discovering topological quantum phenomena in the RMn6Sn6 
(R = rare earth element) family with a variety of magnetic structures. Our visualization of the 
magnetic bulk-boundary-Berry correspondence covering real and momentum space demonstrates 
a proof-of-principle method revealing topological magnets. 
 
Exploring quantum topology under nontrivial lattice geometry and strong electron interaction is emerging 
as the new frontier in condensed matter physics, which not only has analogies to high-energy physics but 
also expands quantum materials for next-generation technology1-15. Recently, the transition metal-based 
kagome magnets have attracted great attention, as they often exhibit correlated topological band 
structures7,8,16-20. A kagome lattice, made of corner-sharing triangles, naturally possesses relativistic band 
crossings at the Brillouin zone corners (Fig. 1a). The inclusion of spin-orbit coupling and out-of-plane 
ferromagnetic ordering in the kagome lattice effectively realizes the spinless Haldane model generating 
Chern gapped topological fermions9,10,13-15 (Fig. 1b). However, direct experimental visualization of the 
phenomenon remains challenging, due to the existence of Sn atoms in the kagome layer, the close stacking 
of the kagome lattices, and the tendency to form in-plane magnetization for most kagome magnets16-20. 
Through intense research, we find that TbMn6Sn6 provides key material advancement. Unlike other 
members of the kagome magnet family, it consists of segregated kagome layers formed purely by Mn 
atoms. More crucially, its kagome lattice uniquely features both an out-of-plane magnetization ground 
state and the largest coercivity (1.1T) within the RMn6Sn6 family (Fig. 1c, Ref. 22-24). Therefore, 
TbMn6Sn6 is a tantalizing system to search for the Chern gapped topological fermions.  
 
TbMn6Sn6 has a layered crystal structure with space group P6/mmm and hexagonal lattice constants a = 
5.5 Å and c = 9.0 Å. It consists of a Mn kagome layer with Sn and Tb successively distributed in alternating 
layers stacked along the c-axis. The material has a ferrimagnetic ground state (Curie temperature, TC = 
423K), with a Mn moment of 2.4µB ferromagnetically aligned along the c-axis and a Tb moment of 8.6µB 
anti-aligned (Fig. 1d, ref. 24). We grow high-quality single crystals through a flux method. The crystal 
exhibits a well-defined magnetization loop for the field applied along the c-axis and no magnetization 
loop for the field applied within the a-b plane in Fig. 1d (right-side), confirming the strong out-of-plane 
magnetization. The side-plane map of the crystal measured by scanning transmission electron microscopy 
in Fig. 1e directly demonstrates its atomic stacking sequence along the c-axis. It can be seen that the 
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interlayer distance between the TbSn layer and Mn layer is largest, and the crystal tends to cleave along 
this plane. Searching extensively over 50 cryogenically cleaved crystals with low temperature (T = 4.2K) 
scanning tunneling microscopy, we were able to obtain the large atomically flat Mn kagome lattice, as 
shown in Fig. 1f. Its zoomed-in image, measured with a much lower junction resistance set up, directly 
reveals the Mn kagome atoms. Moreover, unlike topographies of the kagome lattice in other kagome 
magnets7,8,20,25,26, which show various atomic defects, there is no detectable defect over a large field of 
view. The experimental visualization of such a defect-free magnetic kagome lattice offers an 
unprecedented opportunity to explore its intrinsic topological quantum properties. 
 
Next, we measure the low-energy tunneling spectrum of the Mn kagome lattice under an applied magnetic 
field (Figs. 2a and b). We find the zero-field spectra to be spatially homogeneous. When applying a 9T 
magnetic field along the c-axis, the spectra show drastic changes with the emergence of a series of states 
widely distributed in energy, which is a clear signature of Landau quantization. We find the Landau 
quantization of the kagome layer is unique within this material; as for the other observed lattice with stripe 
morphology, we do not detect a strong field response up to 9T (Fig. 2c and d). This surface is likely to be 
the TbSn layer based on the aforementioned easy cleavage plane and the fact that R3+ surface ions may 
have dangling bonds favoring reconstruction27. Moreover, none of the reported tunneling studies on 
kagome materials has shown Landau quantization7,8,20,25,26. Therefore, the Landau quantization of the 
magnetic Mn kagome lattice suggests that it is distinguishably in the quantum-limit.  
 
To understand the origin of this Landau quantization, we map its fan diagram in Fig. 3a by slowly 
increasing the magnetic field. Mapping out the Landau fan is a nontrivial task in tunneling experiments, 
and there are only a few successful examples in quantum materials including graphene28, bismuth29, and 
topological insulators30,31. In these cases, analysis of the Landau fan extracts precise band structure 
information in momentum space, but applying such methodology to a correlated topological magnet 
remains challenging. For a spin-orbit coupled kagome lattice with out-of-plane magnetization, it is natural 
to consider the existence of spin-polarized Dirac fermions with a Chern gap14,15. We highlight several key 
features in the Landau fan diagram that constrain the analysis along this direction. First, the zero-field 
peak shifts almost linearly to lower energy with increasing field, which indicates the presence of magnetic 
polarization with a Zeeman term (ΔE = 
1
2
𝑔𝜇𝐵𝐵, 𝜇𝐵 is the Bohr magneton). The observation of a Zeeman 
shift rather than a splitting demonstrates that the electronic states are spin-polarized, which is crucial for 
the Chern gap formation14,15. Secondly, below this state, the other Landau levels shift nonlinearly with a 
square root-like field dependence, and their separation at 9T decreases for levels at lower energies, both 
factors of which are consistent with Dirac like fermions28 featuring the energy spectrum 𝜀𝑛~√|𝑛|𝐵 
(𝑛 = 0, ±1, ±2 … ). Thirdly, above the zero-field peak, an intense state emerges and shifts in parallel with 
it. These two states that shift linearly with field are likely to define the expected Chern gap ∆ that is 
determined by the intrinsic spin-orbit coupling. The zero-field peak may be formed by accumulated states 
from the top of the lower Dirac branch7.  
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A Chern gap modifies the bare Dirac dispersion 𝜀𝑘 = 𝐸𝐷 ± ℏ𝒌𝑣 into 𝐸𝑘 = 𝐸𝐷 ± √(∆/2)2 + (ℏ𝒌𝑣)2 (ED 
is the Dirac cone energy, ℏ is the reduced Planck’s constant, v is the Dirac velocity). Hence to describe 
this Landau fan diagram, we start with a formula written as: 𝐸𝑛 = 𝐸𝐷 ± √(∆/2)2 + 2|𝑛|𝑒ћ𝑣2𝐵 −
1
2
𝑔𝜇𝐵𝐵. A simulation of the Landau fan data with this formula is shown in Fig. 3b with parameters: ED = 
130 ± 4 meV, Δ = 34 ± 2 meV, v = 4.2 ± 0.3×105 m/s and g = 52 ± 2. The large g factor has also been 
reported in other topological materials, which may arise from the orbital contribution. In the kagome tight-
binding model with nearest-neighbor hopping, the Dirac dispersions appear at the Brillouin zone corners. 
Our exploration of the band structure below the Fermi level via angle-resolved photoemission indeed finds 
linear dispersions near the zone corners with the similar Fermi velocity, which also reasonably connect to 
the Chern gapped Dirac band extracted from the tunneling data, as shown in Fig. 3c. We further find that 
the gap extracted directly from the energy distance of the two peaks increases slightly with the field, 
correlating with that of the out-of-plane magnetization value MC (Fig. 3d). The weak field dependence 
supports the interpretation that the Chern gap is not opened by the external field but induced by the 
intrinsic spin-orbit coupling15. The existence of predominate Chern gapped Dirac fermions just around the 
Fermi level is another key factor in driving this defect-free kagome lattice to the quantum-limit. 
 
The nontrivial topology of the Chern gap produces the dissipationless edge state. To visualize this bulk-
boundary correspondence, we perform tunneling measurements to map a step edge in Fig. 4a. Both the 
upper and lower layers of the step edge are surfaces formed by the Mn kagome lattices with a unit cell 
step height of ~9Å, and therefore have similar density of states. We observe a pronounced localized edge 
when mapping at energy within the Chern gap, while no clear edge state is detectable at other energies 
outside the gap, confirming the existence of the nontrivial in-gap edge state32,33. We also explore the 
tunneling signal on the side cleaving surface (Fig. 4b). We perform mapping over a large area, and their 
direct Fourier transforms give rise to the quasi-particle scattering signal. We observe that quasi-particle 
scattering along the bulk edge direction is substantially reduced within the energy range of the Chern gap, 
in agreement with the dissipationless nature (lack of backscattering) of the Chern edge state. The magnetic 
Landau fan exhibiting a Chern gap and emergence of in-gap edge states lack of backscattering together 
provide spectroscopic evidence for the topological bulk-boundary correspondence. 
 
In addition to the bulk-boundary correspondence, Chern gapped Dirac fermions will also feature large 
Berry curvature34-40. This Berry curvature contribution to anomalous Hall conductivity is estimated39 as 
𝜎𝑥𝑦 =
∆
2𝐸𝐷
∗ 𝑒2/ℎ =  0.13 ± 0.01𝑒2/ℎ based on the tunneling data. On the other hand, we observe the 
anomalous Hall signal ρAH in the Hall resistivity of the bulk crystal (Extended Data Fig. 3). When plotting 
ρAH against the square of the longitudinal resistivity 𝜌𝑥𝑥
2 , we observe a linear scaling (Fig. 4c), indicating 
a predominant intrinsic contribution34-38. From the linear fit (𝜌𝐴𝐻 = 𝐴 + 𝜎
𝑖𝑛𝑡𝜌𝑥𝑥
2 ), we find that this 
intrinsic contribution is 𝜎𝑖𝑛𝑡 = 121 ± 6 Ω-1cm-1. It amounts to 𝜎𝑥𝑦
𝑖𝑛𝑡 = 0.14 ± 0.01  𝑒2/ℎ per Mn kagome 
layer, which agrees with expected 𝜎𝑥𝑦, attesting to the Berry curvature correspondence of Chern gapped 
Dirac fermions.  
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Our observations of magnetic Landau quantization and bulk-boundary-Berry correspondence provide 
strong evidence in space and momentum for a quantum-limit Chern magnet. It is extremely rare to find a 
topological magnetic system featuring the quantized Landau fan, which requires defect-free magnetic 
material design and cutting-edge spectroscopy characterization. It is equally rare to find a large Chern gap 
system to demonstrate its topological correspondence, which is one of the key pursuits in the pertinent 
fundamental research area9,10. Given that there are dozens of compounds with similar structures to 
TbMn6Sn6 that host kagome lattices with a variety of magnetic structures and wide tunability of the lattice 
constant, our findings can be a valuable guideline in discovering other intimately related, yet hitherto 
unknown topological or quantum phenomena.  
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Fig. 1 Atomic-scale visualization of the defect-free magnetic kagome lattice. a, Illustration of Dirac 
band crossings (hourglass cones) at the Brillouin zone (dash-lines) corners for a kagome lattice (spheres 
connected by solid lines). b, Left: illustration of spin-polarized Dirac fermions with a Chern gap (two 
separated cones with arrows) in the spin-orbit coupled magnetic kagome lattice (spheres with arrows). 
Right: illustration of the edge mode (purple line) that arises within the Chern gap. c, Summary of the 
magnetic ground state of the Mn kagome lattice in the RMn6Sn6 family, including in-plane 
ferromagnetism (R = Gd, Er, Tm, Yb), in-plane antiferromagnetism (R = Sc, Y, Lu), canted 
ferromagnetism (R = Dy, Ho), and out-of-plane ferromagnetism (R = Tb). d, Magnetism in TbMn6Sn6 
with the left image illustrating its magnetic structure of Mn (blue) and Tb (red) atoms, and the right image 
showing the out-of-plane (solid-line) and in-plane (dash-line) magnetization curves taken at 4.2K. e, 
Scanning transmission electron microscope image of TbMn6Sn6, showing the atomic interlayer stacking. 
f, Scanning tunneling microscopy image of the Mn terminating surface taken at 4.2K. The inset shows the 
magnified image of the kagome lattice. 
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Fig. 2 Distinct Landau quantization of Mn kagome lattice. a, Topography of the Mn kagome lattice. b, 
Corresponding dI/dV line maps (along the line in a) taken at B=0T (upper panel) and B=9T (lower panel), 
respectively. The 9T data shows intense modulation, which is associated with Landau quantization. c, 
Topography of the striped surface. Inset: magnified atomic view overlaid with schematic TbSn lattice. d, 
Corresponding dI/dV line maps (along the red line in c) taken at B=0T (upper panel) and B=9T (lower 
panel), respectively.  
 
Fig. 3 Quantum-limit visualization of Chern gapped Dirac fermions. a, Landau fan diagram of the 
kagome lattice. The inset illustrates the magnetic field applied perpendicular to the kagome lattice. The 
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upper panel shows the 9T dI/dV spectrum, with Landau levels marked by open circles. b, Fitting the 
Landau fan data (open circles) with the spin-polarized and Chern gapped Dirac dispersion (solid lines). 
Inset: schematic of Landau quantization of Chern gapped Dirac fermions. c, Comparison of the dispersion 
obtained from tunneling and photoemission. The inset shows the Brillouin zone for a kagome lattice. d, 
Dirac gap size (open circles) and out-of-plane magnetization (solid line) as a function of the magnetic 
field.  
 
Fig. 4 Correspondence of Chern gapped Dirac fermions with topological edge state and Berry 
curvature. a, dI/dV maps taken at different energies across a step edge (left up panel). The map taken 
within the Chern gap energy (130meV) shows a pronounced step edge state. b, Quasi-particle scattering 
along the bulk crystal edge direction (illustrated on top). The white lines in the scattering map mark the 
Chern gap energy determined by the Landau quantization. c, The anomalous Hall resistivity ρAH plotted 
against 𝜌𝑥𝑥
2  in a log scale from 2K to 300K. The intrinsic Hall conductance is given by the slope of the 
line, which amounts to 0.14 ± 0.01 e2/h per Mn kagome layer (upper inset). The lower inset illustrates the 
Berry curvature contribution to the Hall conductivity from Chern gapped Dirac fermions, which is 0.13 ± 
0.01 e2/h per Mn kagome layer based on the tunneling data.  
 
 
 
